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Introduction
Deepdrawing is a production process that is widely in use, in particular in the automotive and packaging industry. An important mechanism reducing the lifetime of the deepdrawing tools is material transfer from the workpiece to the tool, resulting in the buildup of lumps on the tool surface. In case these lumps become high enough, they may cause unacceptable scratching of the surface of the workpiece and ''galling'' occurs. The importance of galling is nowadays increasing because it is desired, for both environmental and cost reasons, that deepdrawing processes operate under marginally lubricated or even unlubricated conditions. Reduction of the usage of lubricants strongly increases galling ͓1͔.
Some classical studies with respect to material transfer mechanisms and galling were done in the 1960's and 1970's, for example ͓2-4͔. In these studies, material transfer is found to be caused by a continuous plastic deformation mechanism. The mechanism can be represented by a hard wedge, moving through a soft and plastically deforming surface. The wedge pushes a plastically deformed wave over the surface while moving. This situation is modeled using the slipline theory developed at the end of the 1970's and the beginning of the 1980's by Challen, Oxley, and co-workers; see for example ͓5͔. At the end of the 1980's the slipline models were applied to the situation of a spherically tipped ''asperity'' moving through a soft and flat metallic surface ͓6͔. This model, supported by experimental evidence, resulted in a so-called wear-mode diagram. In the beginning of the 1990's, Schedin has done much experimentally oriented work concerning galling in deepdrawing processes, see for example ͓7͔. They suggest a relation between galling in forming processes and the above continuous plastic deformation mechanism.
Model
Calculation of Summit Height Densities. Galling can be divided into three stages:
• Initiation of lumps on the tool surface: Measurements have shown that lump growth mostly initiates at high parts of the tool surface and in grooves, perpendicular to the sliding direction ͓1͔.
The lump growth model does not focus on the initiation stage, although some effects with respect to lump initiation will be briefly described.
• Growth of the lumps: Plastic deformation and adhesion effects both determine growth of the lumps, transferred to the tool surface. A lump growth model therefore has to incorporate both effects. According to Schedin and Lethinen ͓7͔ galling can be controlled by controlling the growth stage. The lump growth model will focus on this stage.
• A damaging ''amount'' of galling: At a certain point the lumps reach a critical size and shape, resulting in unacceptable damage to the sheet surface. It can be argued that lump growth is acceptable in so far that it does not cause unacceptable damage to the sheet.
Roughness characteristics of the tool surface will change when lumps are initiated on the tool surface. The changes of the microgeometry can be characterized by the change of the summit height density of the surface (s), as will be illustrated by Figs. 3 and 4, where some calculated and measured tool summit height densities are shown. The measured densities are obtained from an experiment performed on a deepdrawing simulator, see also ͓8͔. In this experiment, a flat forming tool ͑TiN coating on a grinded 1.2379 tool steel, rms roughness of 0.2 m͒ is sliding against an aluminum sheet material ͑AA 6016 T4͒ with typical conditions occurring under the blankholder in a deepdrawing process ͑nominal contact pressure of pϭ7 MPa and a sliding velocity of ϭ2.5 mm/s͒. The surface height data are obtained by repeatedly measuring the tool roughness on the same spot over an area of 1.73ϫ1.75 mm with an interference microscope ͑pixel size of 5.74ϫ5.90 m͒. The measured height data of the tool are used to determine summit height densities using the nine-point summit criterion, see ͓9͔. From the figure, it is clear that material transfer changes the high-height half of the summit height density measured from the tool surface.
The lump growth model will make use of a tool roughness characterization in terms of the summit density , rigid spherical summits with radius ␤, and the summit height distribution (s).
It is assumed that the summit radius ␤ and the summit density are independent of summit height s and constant during lump growth. The summit height (s), and its change during lump growth, will be of particular interest for the model. During lump growth, the contact between tool and sheet is modeled by a set of spherically tipped tool asperities ploughing through a smooth soft sheet surface. This is an appropriate assumption on tool asperity level because of the plateau-like microgeometry of cold-rolled sheets typically used in, for instance, deepdrawing processes. The contact behavior between tool and sheet will change during lump growth because of a changing height distribution (s). A summit-based contact model, see for example ͓10͔, using an arbitrary distribution (s), is used to determine the contact conditions. Because of the plastic contact conditions, it will be assumed that the contact pressure on top of the asperities equals the hardness of the sheet H. This means that the real contact area A r ϭ␣ A n ϭF N /H will remain constant during the lump growth process if F N remains constant. During sliding between the sheet and the tool, material will be removed from the sheet by the ploughing tool summits. A fraction of the material removed by the ploughing summits will be transferred from the sheet to the tool summits. In the model, it is assumed that all transferred material is deposited on top of the tool summits. Because of work hardening of the transferred material, the situation of a rigid tool summit contacting a plastically deforming sheet will remain the same during lump growth. Summits on the tool surface with a certain height s, will increase in height with an amount ⌬s because of lump growth. In general, ⌬s will be a function of summit height s. An increase of summits with height s with an amount ⌬s will change the summit height distribution (s). A new height distribution (s) will, in turn, result in a different ⌬s, because of the changing contact conditions ͑e.g., an increasing separation h͒.
Lump growth can be simulated by repeatedly calculating a new summit height distribution. It can be shown that the height distribution n (s) is dependent on the lump growth rate ⌬s and a previous summit height nϪ1 (s) by the following equation:
Therefore, the height distribution function after n cycles can be obtained from the height distribution function after nϪ1 cycles, if the height increase ⌬s of a summit with height s is known. In the next section, ⌬s will be discussed.
Height Increase of a Single Summit. In the general case of a hard asperity sliding over a soft plane three different wear regimes can be distinguished as a function of dimensionless shear strength f HK and the attack angle of the sliding asperity ͓6͔. The dimensionless shear strength f HK is defined by f HK ϭ/k, in which k is the shear strength of the softest contact partner and is the shear strength of the interface. The wear regimes can be presented in the form of a wear mode diagram ͑see Fig. 1͒ .
This diagram describes the situation of a rigid spherical asperity sliding against a soft plane, which is considered to be deforming in an ideally plastic way. The ploughing regime is characterized by material being displaced from the wear track to ridges on both sides of the wear track. In this regime, no material is removed from the surface. The wedge-formation regime is characterized by the formation of a wedge of material in front of the sliding asperity and the cutting regime by the removal of material in the form of chip-like wear debris.
Material transfer will not occur on all contacting summits, but only on summits, which operate in a wear mode that makes material transfer possible. In the ploughing regime no material removal by the sliding tool asperity occurs. Therefore no lump growth on the tool surface will occur. In the cutting regime, material will be removed from the soft ͑sheet͒ surface by the sliding tool asperity in the form of chip-like wear debris. Part of this material will be removed from the contact zone. The remaining part of the wear debris is, in principle, available for material transfer. However, wear debris will most likely be transferred to the low parts of the tool surface and not to the most critical spots, the asperities. Besides this, transferred material will not be very strongly fixed to the tool surface, because of oxidation layers and other factors inhibiting adhesion. Therefore, material transfer in the cutting regime will not be taken into account. Thus, the lump growth model will only deal with lump growth in the wedgeformation regime. For lump growth to occur, strong adhesion between sheet material and tool is a necessary requirement. Such strong adhesion may result from the generation of virginal, unprotected contact surface during wedge formation.
In the case of a rough tool surface, a range of attack angles from ϭ0 for the spherical-tipped summits just in contact, up to a certain maximum value max for the highest spherically tipped summits, will be operating in the contact zone. The maximum attack angle max will depend on the radius ␤ of the summit tips and the separation h. The radius ␤ can be determined from surface height data. Unfortunately, measured values are strongly scale dependent which means that the measured values cannot be considered as absolute values. Because the attack angles are based on measured values of ␤, this, also means that, if the theory is applied to rough surfaces, the transitions between the different regimes are not absolute, but scale dependent. The transitions between the different regimes are approximately given by ͑pl is ploughing, wf is wedge formation, and cu is cutting͒: 
Challen and Oxley ͓5͔ give the following relation, based on the slipline theory, between the attack angle of the sliding rigid wedge, the shear strength of the soft flat k, and the wear rate in the wedge-formation regime:
wear rateϭ volume loss/distance l normal load F N ϭ 1 2k
In this equation, the shear strength k is related to the hardness of the material by kϭH/3). The angle can be related to the height of the summit s and the radius of the summit tip ␤, according to Xie and Williams ͓11͔: ϭarctan ͩ ͑ sϪh ͒͑ 2␤ϩhϪs ͒ ␤ϩhϪs
It is assumed that the normal load F N carried by a summit with height s is given by F N ϭ2H␤(sϪh), see ͓10͔. It is also assumed that all material removed by the sliding summit will be added to the summit as a uniform layer with a certain thickness ⌬s over a summit area A. This gives the following relation for the height change of the summit ⌬s ͑for a given sliding distance l͒: 
The area for a summit with radius ␤, is taken to be equal to A ϭ␤ 2 . With a normal force equal to F N ϭ2H␤(sϪh) this gives
In reality, not all material removed by the sliding asperities will be deposited on top of these asperities as transferred material, but only a certain fraction m. Substitution of m 1 ϭlm gives
The fraction of material transferred will depend on factors like the contact situation, the intrinsic adhesion between sheet and tool coating material, contact inhibiting layers, and the microgeometry of the sheet ͑influencing the amount of wear debris removed from the contact zone͒. In the model, this fraction is assumed proportional to the adhesion force between tool summit and sheet, hereby following ͓12͔. This gives m 1 ϭm 2 F a . The value of m 2 will not influence the lump growth mechanism but is considered as a ''magnification factor'' indicating the amount of material transferred to the tool in a certain calculation cycle. In the calculations, m 2 is used to adapt the amount of transferred material in a calculation cycle to the number of points in the height distribution (s).
The adhesion force F a is defined as the force necessary to separate two contacting surfaces. According to Johnson ͓13͔, adhesion between a perfectly plastic solid in static contact with a rigid sphere can occur in two regimes. If the hardness H of the deforming solid is lower than the stress required for ''brittle'' failure at the interface, failure in the solid will occur. If this is not the case, failure will in principle occur at the interface. From ͓13͔ follows that the adhesion force is given by the following expression:
In reality, the shear strength of the interface and therefore f HK will be related to the adhesion force F a . Because the relation between these two parameters is not yet clear, both parameters will be taken as independent in the model. It is assumed for reasons of simplicity that m 2 is equal in both adhesion regimes. Substitution of m 1 ϭm 2 F a , the expression for F a and kϭH/3) gives the final expression for the height change ⌬s:
With Qϭ sin 2 ϩ 1 2 sin 2 1ϩsin 2 (10)
The angle is defined by Eq. ͑4͒. Because the height change ⌬s depends on the separation h, ⌬s will be different after each lump growth cycle. The separation h between both contacting surfaces will increase during lump growth, because of the increasing height of the highest summits. A new separation h is calculated after each growth cycle using a summit-based contact model with the most recent height distribution (s) while keeping ␣ constant. It has to be realized that strictly spoken a summit-based contact model will not be valid at very low separations. However, the model is used here only to calculate separations from evolving summit height densities.
Results
In this section, the model will be illustrated by some calculations. It will be assumed that f HK is equal for all contacting summits. Then all summits are located on a vertical line in the wear mode diagram, determined by the chosen value of f HK ͑see Fig. 1͒ . Below a certain dimensionless shear stress f HK no lumps can initiate on a certain surface, characterized by ␤ and (s), under certain load conditions characterized by a separation h, because no summits reach into the wedge-formation regime. Reducing f HK ͑i.e., increasing the hardness of the sheet H or reducing the shear strength of the interface ͒ will at least limit the range of summit heights on which lumps can initiate because reducing f HK causes a ''shift to the left'' in the wear mode diagram. Below f HK Ϸ0.5 no lumps will initiate on any surface under any operational conditions, if accumulation of wear particles is neglected. Once lumps have initiated, f HK approaches 1 at that specific asperity. At f HK ϭ1 even very low attack angles are in the wedgeformation regime. This means that once lumps have initiated, a geometry change of the tip of the lump ͑for example a potentially favorable increase of ␤͒ will never move the asperity out of the wedge-formation regime. The reference values of the parameters used in the calculations are given in Table 1 .
Tool Roughness. Although it will not be discussed here, it can be shown that a high value of ␤ reduces both the risk of initiation of a lump and reduces the height increase ⌬s. A low standard deviation of the summit heights s ͑related to low rms roughness values͒ prevents lump growth. Then the height distribution function is ''steep'' at the high-height end which, in turn, means that the contacting summits can be kept out of the wedgeformation regime and in the ploughing regime more easily, because only a small summit height range and therefore only a small range of attack angles is present on the surface. A high value of ␤ often goes together with a low value of s . Both a high value of ␤ and a low value of s decrease lump growth.
This means that, according to the model, reducing the roughness of the tool reduces galling. Besides this, the shape of summit height distribution function (s) is also of importance for lump growth. Ideally, the summit height distribution (s) should not be Gaussian, but very steep at high summit heights to avoid ''exceptionally high'' summits. As has been discussed, this can be realized with a lower roughness of the surface, but also with a skewness S k Ͻ0 ͑a concentration of summit heights at a high height value͒. This explains the galling-reducing effect of polishing a forming tool that is known from industrial practice. The effect of polishing can be simulated ͑and exaggerated͒ by choosing initial M-inverted n 2 distributions ͓14͔, with a low value of n instead of a Gaussian height distribution as summit height distributions. In Fig. 2 a series of calculated summit height densities is shown, originating from an initially Gaussian distribution and from an initially M-inverted n 2 distribution with nϭ5 ͑with the same stan- 
10 (Pa) dard deviation as the Gaussian distribution͒. From the figure, it is evident that the initial shape of the summit height density is very important.
Comparison Between Model and Experiment. In Figs. 3 and 4 some measured summit height densities, together with some distributions, calculated with the lump growth model are shown. The load conditions and other input values of experiment and calculations are the same. In the calculations f HK ϭ0.99 is used because in the growth phase of an initiated lump f HK Ϸ1. The chosen value of ⌬␥ is typical for the case of TiN/TiC coated tools ͓15͔. Figure 3b shows the measured summit height density after 2 m sliding distance and Fig. 4a the measured summit height density after 3.5 m. The summit height density of Fig. 3a corresponds to both the original summit height density and the measured summit height density after 1 m sliding distance, because in the measurements no measurable change of the surface occurred in the first 1 m sliding distance.
As already mentioned, the unknown factor m 2 causes the calculated summit height densities to be only qualitatively related to the sliding distance. However, it is evident from Fig. 4a that the calculated distribution after 25 cycles corresponds well with the measurement data after 3.5 m. This being the case, measurement data shown in Fig. 3a ͑after 1 m sliding distance͒ have to correspond to calculation data after approximately eight cycles and the measurement data shown in Fig. 3b to the calculation data after 17 cycles. Figure 3a shows that for 1 m sliding distance there is a large discrepancy between measured and calculated curves. For 2 m sliding distance, the agreement is better ͑Fig. 3b͒, but still not very good. If the first 1 m sliding distance is considered to be the initiation period ͑for which f HK Ͻ0.99͒ and is consequently neglected with respect to lump growth, the distribution after 1 m sliding distance ͑Fig. 3a͒ can be taken as a starting point for the model. Then, the measured distribution after 2 m sliding distance has then to be compared with a calculated curve with approximately 12 cycles. This is done in Fig. 4b .
It can be seen that now the correspondence is very good, certainly better than that, when 17 cycles were used in the calculations ͑Fig. 3b͒. The less accurate correspondence between theory and experiment after 1 m sliding distance, as shown in Fig. 3a , can be explained by the assumption of f HK ϭ0.99. Such a value will only be realistic if transfer occurs on initiated lumps, i.e., metal-metal contacts where there is no clear interface between the lump on the tool and the sheet. This is not the case in the initiation phase, because lumps still have to initiate and therefore tool material is still contacting sheet material. This means that initially f HK Ͻ0.99 ͑e.g., 0.9͒.
A lower starting value of f HK at the initiation phase also explains that initially no lump growth occurs on the tool surface, which is evident from the small difference between the initial measured summit height density and the measured summit height density after 1 m. After this initiation stage, characterized by an increase in f HK , lump growth starts.
Conclusions
A model has been developed which describes the growth of a previously initiated lump present on the tool surface. Lump growth may occur at certain summits after an initiation stage. The Transactions of the ASME lump growth model indicates that lump growth can be decreased or restricted to less summits by a lower shear strength of the interface , a smoother surface ͑higher ␤ and lower s ͒, and a negatively skewed summit height distribution (s). It can also be decreased by a lower nominal contact pressure p, a higher hardness of the sheet H, and more wear debris removed from the contact zone ͑resulting in a lower value of m 2 ͒. There is a transition ͑which is a function of , (s), ␤, H, and p͒ below which lumps will not be initiated and above which lump growth will occur, because then the transition ploughing-wedge formation is passed. Below f HK Ϸ0.5, no initiation of lumps will occur in any case because no summits operate in the wedge-formation regime. It has to be considered that the initial value of f HK may increase in an initiation stage because of, e.g., oxide layer removal. Not taking into account an initiation stage, one is able to calculate summit height densities that are similar in shape as measured summit height densities. 
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